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Abstract. Numerical simulation of casting filling process with complex shape is time-consuming. 
Compared with the traditional SOLA-VOF method, the lattice Boltzmann method (LBM) 
calculates the pressure field by particle distribution functions instead of the correction of the 
velocity and pressure fields, which greatly simplifies the calculation process. In addition, the 
LBM provides a flexible approach which can be easily parallelized. In this study, the LBM is 
employed to simulate casting filling process. An implementation of a volume-of-fluid (VOF) 
method within the lattice Boltzmann framework is proposed to capture the free surface of the 
casting filling process. A Smagorinsky large eddy simulation (LES) model is adopted to improve 
the numerical stability of the LBM. An adaptive time stepping technique is implemented to 
ensure an efficient and stable simulation. The model is validated by the experimental and 
simulation results of Campbell box filling process. The filling process of complex casting is 
simulated, and the result is compared with the filling process obtained by the SOLA-VOF 
method. The prediction accuracy and reliability of free surface profile is analysed. 
1.  Introduction 
Casting process is an efficient manufacturing process, which can produce parts with complex shape. 
The filling process is crucial for the casting quality. An unstable filling process is accompanied with 
turbulences, splashes, and bubbles, which leads to casting defects. Therefore, the motion of liquid metal 
during filling process remains to be investigated. As the filling process is hard to capture, the numerical 
simulation becomes an alternative approach to understand the filling process. However, most simulation 
methods, such as SOLA-VOF method, the correction of velocity and pressure field is a time-consuming 
process. Compared with these conventional methods, the lattice Boltzmann method (LBM) calculates 
the pressure field by particle distribution functions, which simplifies the calculation process. Another 
advantage of the LBM is that it can be easily parallelized, which shows the potential for massive parallel 
simulation. But an evitable drawback of the LBM method is the numerical instability at low viscosity.  
In the past years, several methods have been proposed to improve the numerical stability. Ginzburg 
et al. [1] proposed a generalized LBM model for free surface flow. Koerner et al. [2] presented a LBM 
model for the simulation of metal foaming process, in which the free surface flow including gas diffusion 
is captured. Thuerey et al. [3] applied the adaptively coarsened grids to the LBM model, which can 
simulate high Reynolds number flows with high efficiency. Janssen et al. [4] implemented a volume-of-
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fluid-based LBM model. The breaking dam case and flow past a weir case are validated. Zhao [5] 
performed the simulation of the continuous casting process by the LBM.  
However, the above studies mainly focus on the simulation of LBM based free surface flow with a 
simple geometric shape. Numerical stability of the LBM is also influenced by the geometric shape [6]. 
Whether the LBM is capable of simulating the free surface flow with complex shape accurately remains 
to be investigated. Therefore, in this study, the LBM coupled with volume-of-fluid method is employed 
to simulate the casting filling process. The Smagorinsky LES model [7] is adopted to improve the 
numerical stability and the adaptive time stepping technique [3] is used to decrease simulation time. In 
addition, the explicit upwind scheme proposed by Ginzburg [1] is adopted due to its robustness for free 
surface simulations with high Reynolds number. The model is validated by the filling process of 
Campbell box [8]. The results are compared with the simulation results by SOLA-VOF method. Then 
the filling process with complex shape is simulated to analyze the accuracy and stability of the LBM. 
2.  Model description 
2.1.  Lattice Boltzmann model 
In this study, the Bhatnagar-Gross-Krook (BGK) model is used and is defined by 
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where  ,if tx  is the distribution function at position x  and time t  in one particular lattice direction, 
 ,eqif tx is the equilibrium distribution function, ie is the discrete lattice velocity, t is the time step,   
is the dimensionless relaxation time and iF  is the external force (e.g., gravity).  
The non-dimensional relaxation time   depends on the fluid kinematic viscosity v  
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where /c x t   is the particle velocity.  
The D3Q19 lattice model, which has better numerical stability than the D3Q15 lattice model [6], is 
used in the LBM model. The macroscopic quantities for density and velocity are calculated by the first 
two moments of the distribution functions 
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As the model is a weakly-compressible scheme for impressible flows, the fluid pressure is calculated 
by the equation of state 
 2sp c    (5) 
where / 3sc c is the sound speed in D3Q19 lattice model. 
2.2.  Smagorinsky large eddy simulation 
Casting filling process usually occurs at very high Reynolds numbers in the turbulent state. The low 
kinematic viscosity of liquid metal and high velocity will cause the relaxation time   close to 0.5, which 
decreases the numerical stability. While the Smagorinsky LES model introduces an additional turbulent 
viscosity Tv . In a Smagorinsky model, Tv is defined by  
  2T sv C x  S   (6) 
where sC  is Smagorinsky constant, its value is set to be 0.12 and S  is strain rate tensor, defined by 
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where Q  is the moment flux tensor [7]. The relaxation time in the Smagorinsky model is given by 
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where 0v  is the relaxation time related to the kinematic viscosity. From Eq.(6), (7) and (8), the total 
relaxation time is obtained, which is given by 
  2 2 20 01 182 sC x Q        (9) 
After using the LES model, the simulation becomes robust for different problems due to the increase 
of the total relaxation time [1] and requires less calculation time than the multi-relaxation-time model.  
2.3.  Free surface model 
An important aim of casting filling process simulation is the interface capturing. The filling process is 
accompanied by complex interaction between gas and liquid metal. As the large density difference 
between liquid phase and gas phase during filling process, the dynamics of the gas phase is neglected. 
Therefore, the filling process can be described as a single phase flow within an acceptable accuracy. 
Various kinds of VOF methods have been proposed for the LBM, however, these methods adopt a 
simplified advection scheme in which no interface velocity is included. Therefore the mass flux terms 
are not calculated exactly and the sharp interface is captured approximately. In this study, the implement 
of VOF-based method within the lattice Boltzmann framework is proposed to improve the accuracy for 
interface capturing. The VOF indicator function is given by 
   0
t
     

v   (10) 
where   is the fluid fraction and v  is the fluid velocity in a control volume. Eq.(10) can be discretized 
with a control volume method and the advection scheme is obtained 
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where kv  is the fluid velocity at the kth face of the control volume, kn  is the outer normal vector of the 
kth face and k  is the fill level at the kth face, which can be calculated using the upwind scheme. The 
time step and space step are set to be 1.0 with non-dimensional form.  
  
Figure 1. Control volume Figure 2. Fluid, interface and gas cell 
 
The last term of Eq.(11), which represents the mass flux between the control volumes, shown in 
figure 1, with six neighboring control volumes, can be expressed as 
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The mass flux is calculated between fluid cell and interface cell. The mass exchange shown in figure 
2, doesn’t occur between interface cell and gas cell as the fluid fraction of gas cell is zero, which is 
similar to the treatment in reference [2, 3]. In addition, the adaptive time stepping technique [3] is used 
to speed up the simulation without reducing the numerical stability. 
3.  Numerical simulation 
3.1.  Model validation 
A benchmark test of Campbell box [8] is simulated to validate its ability to capture the free surface. 
Instead of adjusting its value to satisfy the stability condition, the kinematic viscosity is set to be 5.5e-7 
m2/s, which is the physical parameter of the liquid aluminum. The turbulent model and upwind scheme 
are used to avoid numerical instability, which is different from the treatment of the benchmark test in 
the simulations of Ginzburg [1]. The inlet velocity is 0.7 m/s. The space step is set to be 1 mm, which 
results in the total grid number of 246 19 411  (including the mold cavity). The time step is set to be 
51 10 s. The Smagorinsky constant is set to be 0.12 within a suitable range. The free-slip boundary 
conditions are applied to the solid wall of the mold cavity. 
 
(a) 0.52 s (b) 0.76 s (c) 1.00 s (d) 1.52 s 
Figure 3. The filling sequences of Campbell box by the experiment 
     
(a) 0.52 s (b) 0.76 s (c) 1.00 s (d) 1.52 s  
Figure 4. The predicted filling sequences of Campbell box by the LBM simulation 
 
(a) 0.52 s (b) 0.76 s (c) 1.00 s (d) 1.52 s  
Figure 5. The predicted filling sequences of Campbell box by the SOLA-VOF simulation 
 
The experimental results of the filling sequence are shown in figure 3. The filling sequences shown 
in figure 4 are simulated by the LBM model proposed in this study. Figure 5 shows the simulation results 
obtained by the casting simulation software InteCAST, in which SOLA-VOF method is integrated. The 
sprue fountains to the bottom of the mold firstly. When the liquid metal begins to fill the casting zone, 
splashes can be clearly observed at the time t=0.52 s, both in the LBM simulation and the experiment 
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results. The splash shape simulated by the LBM agrees well with the X-ray radiograph of the filling 
process. When the liquid metal begins to enter the bottom casting zone, the hole is formed due to the 
falling of the flow frontier, which is well predicted by the proposed LBM model. The irregular interface 
is caused by the turbulent flow as the Reynold number reaches 25000 approximately. In figure 5 the 
filling process is consistent with the laminar flow predictions [8], where no splash occurs during the 
whole filling process. Therefore, the LBM model coupled with the Smagorinsky LES model is capable 
of predicting the turbulent filling process. When the filling process becomes stable and the flow slows 
down after t=1.0 s, the interface shape predicted by these two methods is consistent. Compared with the 
laminar prediction, the suitable turbulent model, such as the Smagorinsky LES model, contributes to 
capturing interface with bubbles and splashes. The LES-coupled LBM model performs acceptable 
accuracy and numerical stability.  
3.2.  Practical application 
The filling process of a practical thin gray iron casting shown in figure 6 is studied. The wall 
thickness of the casting is 10 mm. The gating system consists of four ingates and the total weight is 60 
kilogram. The inlet velocity is 1.0 m/s. The grid size is 3 mm and the total grid number is 151 217 179 
(including the mold cavity). The grid model used for calculation is shown in figure 7. The filling time 
is 5.3 s.  
 
 
 
 
Figure 6. The geometric model of the 
thin gray casting 
 Figure 7. The grid model of the thin 
gray casting 
 
The filling sequences at different time simulated by the LBM and the SOLA-VOF method are shown 
in figure 8 and figure 9, respectively. The liquid metal runs through the sprue and arrives at the bottom 
of the runner. In figure 8 (a) and figure 9 (a), the two ingates at the bottom are fully filled with liquid 
metal and the two upper ingates are partially filled due to the small flow rate. The low velocity at the 
upper ingates causes the discontinuous flow at t=0.76 s. At t=1.4 s, fours ingates are fully filled and the 
liquid fountains to the cavity quickly which can be clearly observed in figure 8 (b). In the casting cavity, 
the asymmetric liquid metal frontier caused by the casting structure can be observed in the results of 
these two methods. At t=2.87 s and t=3.94 s, the filling process becomes steady as the fluid slows down, 
which can be observed in figure 8 (c), (d) and figure 9 (c), (d). The free surface profiles obtained by the 
LBM model are in agreement with the SOLA-VOF method, as shown in figure 8 (c), (d) and figure 9 
(c), (d). Therefore, the LBM model has an acceptable prediction accuracy of the free surface during the 
casting filling process.  
The LBM simulation is time-consuming due to its high requirement of computation resource. To 
obtain better robustness, the discrete velocity model D3Q19 is used with the cost of high memory 
requirement. A casting system model consists of one million nodes and requires approximately 300 Mb 
memory with D3Q19 model. The calculation time of this simulation is 8 h with the adaptive time 
stepping technique. Thus, the LBM model is promising for practical casting filling process with an 
acceptable calculation speed. 
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(a) 0.76 s (b) 1.4 s (c) 2.87 s (d) 3.94 s  
Figure 8. The predicted filling sequences of the thin gray iron casting simulated by the LBM 
(a) 0.76 s (b) 1.4 s (c) 2.87 s (d) 3.94 s  
Figure 9. The predicted filling sequences of the thin gray iron casting simulated by the SOLA-VOF 
method 
4.  Conclusions 
The VOF-based LBM model is implemented and applied to the simulation of the casting filling process. 
The comparison with the available experiments and SOLA-VOF simulation results proves the proposed 
model is reliable to capture the free surface during casting filling process. Also, the turbulent flow at 
high Reynold number is well described with Smagorinsky LES model implemented in the framework 
of the LBM. Thus, the model is prospective for high accuracy simulation of the casting filling process. 
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